Of apples and oranges? The evolution of “monogamy” in non-human primates by Huck, Maren et al.
REVIEW
published: 10 January 2020
doi: 10.3389/fevo.2019.00472
Frontiers in Ecology and Evolution | www.frontiersin.org 1 January 2020 | Volume 7 | Article 472
Edited by:
Alexander G. Ophir,
Cornell University, United States
Reviewed by:
Dieter Lukas,
Max Planck Institute for Evolutionary
Anthropology, Germany
Oliver Schülke,
University of Göttingen, Germany
*Correspondence:
Maren Huck
m.huck@derby.ac.uk
Specialty section:
This article was submitted to
Behavioral and Evolutionary Ecology,
a section of the journal
Frontiers in Ecology and Evolution
Received: 07 June 2019
Accepted: 21 November 2019
Published: 10 January 2020
Citation:
Huck M, Di Fiore A and
Fernandez-Duque E (2020) Of Apples
and Oranges? The Evolution of
“Monogamy” in Non-human Primates.
Front. Ecol. Evol. 7:472.
doi: 10.3389/fevo.2019.00472
Of Apples and Oranges? The
Evolution of “Monogamy” in
Non-human Primates
Maren Huck 1*, Anthony Di Fiore 2 and Eduardo Fernandez-Duque 3
1 Environmental Sustainability Research Centre, University of Derby, Derby, United Kingdom, 2Department of Anthropology
and the Primate Molecular Ecology and Evolution Laboratory, University of Texas at Austin, Austin, TX, United States,
3Department of Anthropology, Yale University, New Haven, CT, United States
Behavioral ecologists, evolutionary biologists, and anthropologists have been long
fascinated by the existence of “monogamy” in the animal kingdom. Multiple studies
have explored the factors underlying its evolution and maintenance, sometimes with
contradicting and contentious conclusions. These studies have been plagued by a
persistent use of fuzzy terminology that often leads to researchers comparing “apples
with oranges” (e.g., comparing a grouping pattern or social organization with a sexual
or genetic mating system). In this review, we provide an overview of research on
“monogamy” in mammals generally and primates in particular, and we discuss a number
of problems that complicate comparative attempts to understand this issue. We first
highlight why the muddled terminology has hindered our understanding of both a rare
social organization and a rare mating system. Then, following a short overview of the
main hypotheses explaining the evolution of pair-living and sexual monogamy, we critically
discuss various claims about the principal drivers of “monogamy” that have been made
in several recent comparative studies. We stress the importance of using only high quality
and comparable data. We then propose that a productive way to frame and dissect the
different components of pair-living and sexual or genetic monogamy is by considering
the behavioral and evolutionary implications of those components from the perspectives
of all participants in a species’ social system. In particular, we highlight the importance
of integrating the perspective of “floater” individuals and considering their impacts on
local operational sex ratios, competition, and variance in reproductive success across
a population. We stress that pair-living need not imply a reduced importance of intra-
sexual mate competition, a situation that may have implications for the sexual selection
potential that have not yet been fully explored. Finally, we note that there is no reason
to assume that different taxa and lineages, even within the same radiation, should follow
the same pathway to or share a unifying evolutionary explanation for “monogamy”. The
study of the evolution of pair-living, sexual monogamy, and genetic monogamy remains
a challenging and exciting area of research.
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1. INTRODUCTION
For decades, behavioral ecologists, evolutionary biologists,
and anthropologists have been fascinated by the existence
of “monogamy” in the animal kingdom. Thus, a large
literature exists exploring the factors underlying its evolution
and maintenance (Kleiman, 1977; Trumbo and Eggert, 1994;
Kappeler and van Schaik, 2002; Brotherton and Komers, 2003;
Møller, 2003; Reichard, 2003a; Kokko and Morrell, 2005;
Lukas and Clutton-Brock, 2013; Opie et al., 2013a; Díaz-
Muñoz and Bales, 2016; Tecot et al., 2016; French et al.,
2018; Klug, 2018; Macdonald et al., 2019). In many animal
taxa, the amount of time and energy invested in offspring is
conspicuously sex-biased, with females often investing more in
each reproductive opportunity than males. This is especially
true among mammals, where internal fertilization, gestation,
and lactation, almost de facto, demand greater investment by
females. Under these circumstances, it is often assumed that
males might improve their fitness by increasing their number
of mates, whereas female fitness is presumed to be tied less
directly to the number of partners they mate with and more
directly to access to the resources needed to sustain pregnancy
and early infant development (Bateman, 1948; Trivers, 1972;
Clutton-Brock, 2007; Clutton-Brock and Huchard, 2013). As a
result, “monogamy” (or more specifically, “monogyny,” where
an individual male’s mating or breeding is restricted, over some
time, to a single female) is seen as a paradox in need of
explanation (Klug, 2018). Thus, the question is often reduced
to when and why males should “settle” for defending access to
and mating with only one female when, all else being equal, their
reproductive output could be improved by pursuing polygynous
mating. Less often discussed, though equally important, is to
consider the female perspective; under what conditions is it in
a female’s reproductive interest to pursue “monandry” instead
of “polyandry?” These observations have motivated a number of
comparative analyses (Komers and Brotherton, 1997; Brotherton
and Komers, 2003; van Schaik and Kappeler, 2003; Cohas and
Allainé, 2009; Shultz et al., 2011; Lukas and Clutton-Brock, 2013;
Opie et al., 2013a; Huck et al., 2014); the results have generated no
small amount of controversy (e.g., de Waal and Gavrilets, 2013;
Dixson, 2013; Lukas and Clutton-Brock, 2014).
In this review, we provide an overview of research on
the expression and evolution of “monogamy” in mammals
in general and primates in particular, and we highlight a
number of problems that complicate comparative attempts to
understand this issue. We focus on non-human primates, the
set of mammals we know best, but refer to other taxa where
relevant. We start with a brief, but necessary, discourse about
the muddled terminology used and the problems that arise
from not paying enough attention to defining terms precisely
(section 2.1) (Reichard, 2003a, 2017; Tecot et al., 2016), and we
suggest a set of preferred terms which we then use throughout
the rest of the manuscript (section 2.2). We follow with a
short review of the major hypotheses that have been put
forward (section 3) (see also Klug, 2018; Macdonald et al.,
2019). Together, sections 2 and 3 provide the needed backdrop
for section 4.
In section 4, we critically evaluate several recent comparative
studies that have focused on investigating some of the proposed
explanations for “monogamy”. We first summarize the general
conclusions of these studies, concentrating on two that have
arguably received the most attention (section 4.1). We then
consider how well the data we have collected over the course
of our own 25+ years of collective fieldwork on four different
“monogamous” primates support (or not!) the assumptions
made and the conclusions reached (section 4.2). Because of
the multiple concerns we raise with these studies, we close the
section with a set of guiding principles that, we argue, should
be adhered to in comparative studies of animal social systems
(section 4.3). The last of those principles calls for considering
the behavioral and evolutionary implications of particular
components of a taxon’s social system from the perspectives of
all involved participants, not just certain classes of individuals.
We devote section 5 to discussing these individual perspectives
in detail. We highlight the need to consider how the interests
of non-reproductive group members and “floater” animals (i.e.,
individuals who range unassociated with other reproductively
mature individuals) change the range of theoretical evolutionary
scenarios.We conclude with a few suggestions for future research
directions (section 6) formulated in light of the critiques of recent
comparative studies we raise and the questions that arise from
explicitly considering the perspectives of all classes of individuals.
2. TERMINOLOGY MATTERS, ESPECIALLY
FOR COMPARATIVE ANALYSES!
2.1. Why the Words We Use Matter
Nearly all reviews of the evolution of “monogamy” in mammals
state, in one way or another, that while ∼90% of bird species are
classified as “monogamous” (usually citing Lack, 1968), less than
10% of mammalian species are (usually citing Kleiman, 1977).
These reviews almost uniformly point out that “monogamy”
is relatively more common among primates than among other
mammals (e.g., 30 vs. 5% of species: Lukas and Clutton-Brock,
2013; Opie et al., 2013a). We contend that statements like
these—offered at the beginning of review papers as foundational
ideas upon which subsequent analyses are developed—are
fundamentally problematic because comparative analyses are
in danger of “comparing apples with oranges” if they do not
pay careful attention to terminology (Dixson, 2013). Precise
definitions matter because researchers frequently use similar
terms to refer to different social situations (Table 1). This is partly
related to different usage conventions for researchers working
with different groups of organisms. For example, because the
majority of avian taxa are pair-living, birds are often classified
in broad-scale comparative analyses as “socially monogamous,”
even though it has long been recognized that true “genetic
monogamy” occurs in only 14% of passerine birds (Griffith
et al., 2002). By contrast, many of the mammalian taxa that are
classified as “socially monogamous” in reviews and comparative
analyses (e.g., Lukas and Clutton-Brock, 2013; Opie et al., 2013a;
Lambert et al., 2018; Macdonald et al., 2019) are decidedly not
pair-living; in fact, they often live in groups containingmore than
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TABLE 1 | Some definitions of “monogamy” and “social monogamy” used in prior studies and reviews of primates and other animals.
Terms Definition References
Monogamy “...exclusivity in mating, i.e., a given male and female will mate only
with each other.” Additionally, generally recognized as involving (1)
persistent close proximity of an adult heterosexual pair both during
and outside periods of reproduction, (2) mating preferences, and (3)
an absence of adult unrelated conspecifics from the pair’s home
range.
Kleiman, 1977 Describes a mix of aspects of social organization,
social structure, and the social mating system.
A prolonged association and essentially exclusive mating relationship
between one male and one female. Occasional covert matings
outside the pairbond do not negate the existence of monogamy.
Wittenberger
and Tilson, 1980
Describes primarily the social mating system.
Males mate with the same female in several reproductive attempts. Clutton-Brock,
1989
Describes the social mating system, but this
definition would also apply to a polyandrous
system.
Close social association (bonding) between the members of a
male-female pair.
van Schaik and
Dunbar, 1990
Describes a mix of aspects of social organization
and social structure.
A social bond implying mating exclusivity. Komers and
Brotherton,
1997
Describes a mix of aspects of social structure and
the social mating system.
A pattern wherein individual females and males mate exclusively
with one other partner over successive mating periods.
Fuentes, 1998 Describes primarily the social mating system.
A single male and a single female form an exclusive association and
cooperate in breeding activity.
Bull, 2000 Describes a mix of aspects of social organization,
the social and genetic mating system, and the
care system.
A male mates for several breeding seasons with the same female
and vice versa.
Müller and
Thalmann, 2000
Describes primarily the social mating system.
A unique social relationship between one adult female and one adult
male for the purpose of reproduction.
Møller, 2003 Describes a mix of aspects of social structure and
the social mating system.
The term monogamy... can refer only to mating systems in which
each sex has a single mate for life.
Shuster and
Wade, 2003
Refers to a mating system, but under very
restrictive conditions.
Individuals mate with only one partner over one or several
reproductive cycles.
Hilgartner et al.,
2012
Describes primarily the social mating system.
Social
Monogamy
Males and females are physically close for an extended period or
share space or resources with each other.
Bull, 2000 Describes primarily social organization.
A single adult male and female share a common “living
arrangement” (e.g., share use of a territory, show behavior indicative
of a social pair). Does not imply any particular pattern of interactions
or reproduction.
Reichard,
2003a, 2017
Describes a mix of aspects of social organization
and social structure. The mating system is
explicitly not included.
An exclusive association between a breeding male and a breeding
female during the breeding season where mating is observed
exclusively between these two individuals.
Cohas and
Allainé, 2009
Describes a mix of aspects of social organization
and the mating system.
A single breeding female and a single breeding male share a
common range or territory and associate with each other for more
than one breeding season, with or without non-breeding offspring.
Lukas and
Clutton-Brock,
2013
Describes the social mating system, although the
definition is open to misinterpretation if not read
carefully.
A synonym for pair-living. Opie et al., 2014 Describes the social organization, although in the
supplementary table for this publication, the term
is being used, inappropriately, as a character state
to describe the “Mating System”.
An adult individual has only one social adult partner of the opposite
sex at a given time.
Huck et al.,
2014;
Fernandez-
Duque,
2016
Describes primarily social organization.
Breeding adults living in pairs. Clutton-Brock,
2016
Describes a mix of aspects of social organization
and the social and genetic mating system.
Characterized by a number of important features, including spatial
and temporal proximity of a single male–female pair, exclusion of
unfamiliar adult individuals from the home range, co-rearing of
offspring, and the existence of a strong social attachment (pair
bond) between the adult male and female.
French et al.,
2018
Describes a mix of aspects of social organization,
social structure, and the care system.
All pair-living mammals as well as group-living mammals that have a
dominant breeding pair.
Lambert et al.,
2018
Describes a mix of aspects of social organization
and the mating system.
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one reproductive age individual of one or both sexes (e.g., African
wild dogs, Lycaon pictus; meerkats Suricata suricatta; marmosets,
genera Callithrix and Mico; tamarins, genera Saguinus and
Leontocebus). At the same time, given that they show relatively
high rates of reproductive monopolization, their mating system
is nonetheless called “monogamous” (Lukas and Clutton-Brock,
2013). Classifying both of these situations as “social monogamy”
in a comparative study is problematic because the terms are
being used differently for birds and mammals—apples and
oranges! Additionally, in some other taxonomic groups (e.g.,
certain non-social insects), the term “monogamy” is used as a
shorthand that applies to only the female’s mating perspective
to mean sexual monandry, without specifying whether males
also mate with a single female (sexual monogyny) or several
ones (sexual polygyny) (Bybee et al., 2005; Ivy and Sakaluk,
2005).
As we have surely telegraphed by bracketing the word with
quotationmarks, it is our opinion that much of the confusion and
frustration surrounding comparative analyses of “monogamy” is
engendered by loose phrasing, a lack of precision and consistency
across studies about the phenomena being described or explained
(Carter and Perkeybile, 2018), and folk conceptions about what
the term implies. Definitions must be made explicit, and primary
data should be reviewed, clarified, and cast into consistent terms
before they are used (e.g., Borries et al., 2014; Valomy et al.,
2015; see also Schradin, 2017). Most obviously, and as others
have also noted, uncritical compilations of comparative data risk
conflating different ideas about the term “monogamy”. For birds
(and often primates), the term is typically used to describe a
particular social living situation where there is only one adult of
each sex in a group, while mammalogists more commonly use
the term to refer to either a mating pattern where a single male
and female each have one another as their sole sexual partner, or
a breeding pattern, where a single female and male exclusively
produce offspring with each other (Tecot et al., 2016; Klug, 2018;
Lambert et al., 2018).
The implication of mating or breeding “exclusivity” comes
with its own fuzziness. What does it mean for a mating
relationship to be exclusive? If an adult mates 90% of the time
with one particular opposite-sex individual, is that relationship
exclusive? What about 80%? What if a female mates 100%
of the time with one male when she is in her periovulatory
period, but mates with others outside of that period? What
about the converse, where she mates 100% of the time with one
male outside of the time when she is most likely to conceive,
but has a different partner (or more than one) during the
narrow window around ovulation? It is likewise unclear what
time frame researchers consider important for operationalizing
mating “exclusivity”. Is it over one reproductive event, or several?
If litter or clutch size is large, or if the taxon under consideration
reproduces only once or a small number of times in a lifetime,
then researchers might be willing to classify such a taxon as
“monogamous” if females are not seen to mate with more
than one male during such single conceptive period or if all
offspring are sired by the same male. However, that may be an
unsatisfying definition for researchers studying taxa like primates
that are long-lived, typically give birth to singleton offspring,
and have male-female associations that persist over multiple
reproductive events.
Folk conceptions of “monogamy” also often presume that a
suite of other behavioral traits tends to co-occur with an exclusive
mating relationship, including co-ranging and coordination
of activity by a male-female pair, some form of bonding
between pair-mates, joint range defense, same-sex intolerance,
and cooperative offspring care. While some researchers have
conscientiously (and appropriately!) acknowledged that these
traits are not necessarily all seen in all taxa that are considered
“monogamous” (Wickler and Seibt, 1983; Fuentes, 1998, 2002;
Tecot et al., 2016; French et al., 2018), the folk conception
persists, as exemplified in the Wikipedia entry on “Monogamy
in Animals”, which states that, “Monogamous pairing in animals
refers to the natural history of mating systems in which species
pair bond to raise offspring. This is associated, usually implicitly,
with sexual monogamy” (Wikipedia, 2019).
Finally, even when we recognize that certain comparative
studies (e.g., Lukas and Clutton-Brock, 2013) may be concerned
primarily with the sexual or genetic mating system and others
(e.g., Opie et al., 2013a) with the particular grouping pattern
of pair-living, the confusing terminology is problematic, and
even circular, for other analyses. For example, some studies aim
to compare the degree of extra-pair paternity (EPP) in group-
living “monogamous” and “non-monogamous” species (Cohas
and Allainé, 2009; Lambert et al., 2018). But if “monogamy” is
defined by the degree of paternity monopolization, then EPPs
are, by definition, low and should therefore not be used in an
analysis that tries to establish whether monogamous or non-
monogamous taxa have higher rates of EPPs! One study that
explicitly looked at rates of extra-group paternity in pair-living
taxa found that genetic studies on pair-living mammals are still
astonishingly rare, and only five of the 15 species for which data
were available at the time of the study indeed showed no evidence
of EPPs (Huck et al., 2014). Moreover, for most of these taxa,
data on rates of extra-pair mating (which requires observation,
not simply analysis of parentage) are scant or unavailable, so the
extent to which, in any of these taxa, mating is restricted to within
a pair is unknown.
To summarize, most researchers are likely aware that there
are various definitions of “monogamy” and that—depending
on the taxa being studied—a veritable menu of different
behavioral traits may be considered as part of the definition.
The problem is that the terms “pair-living”, “pair-bonded”,
“social monogamy”, and “monogamy” are nonetheless seldom
distinguished properly, even in the scientific literature, and are
often used interchangeably. In no way are we ourselves exempt
from being guilty of using this terminological shorthand in less
than a consistent manner (e.g., Di Fiore et al., 2007; Fernandez-
Duque et al., 2008; Huck et al., 2014; Fernandez-Duque, 2016).
2.2. Proposed Terminology
There have been several productive attempts to clearly define
relevant terms (Wickler and Seibt, 1983; Tecot et al., 2016;
Reichard, 2017; French et al., 2018; Table 1). Below, we follow
the lead of Kappeler and van Schaik (2002) who provide
some standard terminology that has influenced discussions
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about primate social systems. Under their framework, the
social organization (i.e., who lives with whom) of pair-living
refers to situations where a single adult male and a single
adult female form a two-adult group without the additional
presence of other adults (Table 2). To avoid confusion, we
concur that this social organization should be referred to as
“pair-living” and should not be called “social monogamy”, as
is often done in bird and some mammal studies. That is,
the word monogamy should only be used in reference to
animals’ mating and reproductive behavior, not simply their
grouping pattern. Kappeler and van Schaik (2002) also make
a distinction between the “social mating system” (who mates
with whom), which relates to individual behavior and behavioral
choices, and the "genetic mating system" (who has offspring
with whom), which relates to realized reproduction. Thus, if
one male and one female have an exclusive mating relationship
(irrespective of the grouping pattern, or social organization),
then the social mating system is monogamous. Some researchers
(e.g., Reichard, 2003a, 2017; French et al., 2018) have referred
to this situation as sexual monogamy, and we encourage the
use of this accurate and useful term for describing such a
social mating system (Table 2). As alluded to above, what
is considered “exclusive”, as well as the critical time frame
over which to consider “exclusivity” still needs to be defined
and may depend on the taxon of interest. If a single male
and a single female have offspring exclusively with each other
(irrespective of whether one or both mate with other individuals,
whether they associate in the same social group, whether they
belong to different social groups, or whether one or both range
solitarily), then the genetic mating system can be considered
monogamous and the term genetic monogamy is appropriate.
If a species is sexually monogamous it will, necessarily, also
be genetically monogamous (because if a female mates with
only one male, and the male mates with only one female,
there can be no extra-pair offspring), although the reverse
is not necessarily true. As for sexual monogamy, the time
frame, over which genetic monogamy is determined needs to
be considered carefully, depending on the mean litter size and
the lifetime number of reproductive events per individual for
each species.
An additional layer of complexity relates to the degree
of spatiotemporal association between male and female pair
partners, an aspect of their social organization. Most pair-
living mammals share a territory, spend a large proportion of
their time together and have an affiliative relationship that,
when properly characterized by behavioral, emotional, and
endocrinological characteristics (Hinde et al., 2016; Maninger
et al., 2017; Carter and Perkeybile, 2018), can be defined as
a pair-bond. In contrast, in some species pair-mates do not
manifest such close connections, and these dyads are sometimes
referred to as “dispersed pairs” in contrast to “associated pairs”
(e.g., fork-marked lemurs, Phaner furcifer: Schülke and Kappeler,
2003).
Species like fork-marked lemurs are perceived as odd, because,
as mentioned above, folk conceptions about “monogamy”—and
much of the usage of the term in the scientific literature—
additionally incorporate ideas and concepts about the nature of
the social relationship between pair-mates (e.g., the presence of
“pair bonds”) and about the level of offspring care provided by
each of the pair-partners (e.g., “biparental care”) or by older
siblings or additional reproductive age adults (e.g., “cooperative
breeding”). But, clearly, there can be pair-living animals that
are not “pair-bonded” (e.g., fork-marked lemurs: Schülke and
Kappeler, 2003), males and females can be sexually monogamous
without both sexes contributing to offspring care (e.g., Kirk’s
dik-dik, Madoqua kirki: Brotherton et al., 1997), and males can
contribute substantially to offspring care even when the mating
system is sexually polygynous or polyandrous (e.g., mustached
tamarins, Saguinus mystax: Huck et al., 2005), to name just a few
situations that would require careful consideration of definitions.
Thus, for comparative studies of pair-living, sexual, or genetic
monogamy, it is critical for researchers to also characterize
the social relationship between pair-mates, which is an element
of a species’ social structure (Kappeler and van Schaik, 2002),
and to document the level of care or investment provided by
each pair-mate and by other non-reproductive adults, which are
TABLE 2 | Preferred terms that describe different components commonly associated with “monogamy”.
Pair-Living A social situation in which two adults of the opposite sex live together within a home range (possibly with their
non-reproductive offspring) and associate continuously or intermittently.
Describes a taxon’s social
organization
Sexual
Monogamy
An exclusive mating relationship between a single female and a single male, based on observations of sexual
interactions during at least one reproductive season.
Describes a taxon’s social
mating system
Genetic
Monogamy
A female and a male reproduce exclusively with one another over a set of multiple births, i.e., over at least one
reproductive season for species that producing two or more offspring per litter, and over more than one
consecutive reproductive season for species with singleton births.
Describes a taxon’s genetic
mating system
Pair-Bonding A female-male pair manifest an emotional attachment as evidenced by their affiliative interactions, maintenance of
spatial proximity, physiological distress upon separation from the pair-mate, and reduced anxiety following reunion
with the pair-mate.
Describes aspects of a
taxon’s social structure
Biparental
Care
Both members of a putative sire-dam pair regularly perform behaviors with presumed positive effects on infant
development, growth, well-being, and/or survival.
Describes aspects of a
taxon’s care system
Cooperative
Offspring Care
Other individuals, in addition to one or both of the putative parents, regularly perform behaviors with presumed
positive effects on infant development, growth, well-being, and/or survival. These “helpers” can, but do not have
to be related to the infant or to the breeders.
Describes aspects of a
taxon’s care system
These components do not always occur together and need to be considered individually.
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elements of the species’ care system (Kappeler et al., 2019). In the
remaining sections of this review, we try to translate, as needed,
the terminology used in the various studies we discuss so that
it conforms to the definitions provided in Table 2. However,
in some cases we deliberately continue using, in quotation
marks, the fuzzy terms “monogamy” and “social monogamy” to
highlight both that these were terms the authors originally used
and the associated ambiguity about their precise meaning.
Our renewed call for clear terminology notwithstanding, we
should remain aware that characterizing any of these components
for a given taxon often involves assigning one of a set of
discrete categories to traits that fall on a continuous dimension.
For example, there were no EPPs detected in 35 young of
Azara’s owl monkeys (Aotus azarae: Huck et al., 2014), extra-
pair copulations (EPCs) resulted in 4% of the young of Malagasy
giant jumping rats (Hypogeomes antimena: Sommer, 2003), and
7 and 23% of meerkat pups were born by a subordinate female
and subordinate male, respectively (Griffin et al., 2003). While it
may be straightforward to decide, on the basis of these results,
to classify owl monkeys as genetically monogamous, decisions
for the other species will be more arbitrary. Should jumping
rats also be classified as genetically monogamous, despite the
occasional offspring from EPCs? What about meerkats, where
<80% of offspring are progeny of themain breeding pair? Ideally,
if paternity data were available for more species, the proportion
of EPPs would be used as a continuous variable in analyses. Still,
given the paucity of data (Huck et al., 2014; Lambert et al., 2018),
it may not be feasible to assign continuous values to this trait,
and some authors have even argued that it might be preferable
to use distinct categories for social systems (Rubenstein et al.,
2016), although we disagree with that position for reasons akin to
those discussed in the section 4.2. In any case, authors must make
explicit the definitions and criteria they use for assigning a taxon
to one category or another, with explicit reference to the primary
literature where the original data were published (Borries et al.,
2016). In species where there is a clear modal pattern, it might be
acceptable to use the modal social organization or mating system,
but for some taxa the range of variation may be so large that it
warrants clearly classifying them as “variable” or polymorphic.
Among primates, the marmosets and tamarins (subfamily
Callitrichinae) offer an excellent example to illustrate the
problems that follow from inadequate consideration of
terminology. These small Neotropical primates, particularly
the tamarins (Saguinus, Leontocebus) and lion tamarins
(Leontopithecus), have variable social organizations and mating
systems. Most of the species in these genera are not pair-living,
but rather live in groups that can contain up to four adults of each
sex. The variation includes the remarkably uncommon mating
pattern among mammals of polyandry, where a single female
(even when there are other females in the group) mates with all
adult males in the group who are not related to her (Heymann,
2000; Garber et al., 2016). It sometimes happens that one of the
males gets the major share of paternity, even over consecutive
years (Huck et al., 2005). This means that, while the social mating
system is clearly sexually polyandrous, there might still be a
tendency, in some groups, toward high male reproductive skew
that approaches genetic monogamy. Researchers working with
wild populations of marmosets and tamarins have repeatedly
stated that they should not be considered “monogamous” (Savage
et al., 1996; Heymann, 2000; Díaz-Muñoz, 2011; Garber et al.,
2016), and yet in recent comparative analyses, they are either
expressly classified or casually referred to as such (Lukas and
Clutton-Brock, 2013; Opie et al., 2013a; Lambert et al., 2018).
In a nutshell, we have argued and illustrated with a few
examples that using unclear terminology can lead to ambiguity
in the data upon which comparative analyses rest, which in
turn can make us question the results or validity of these
analyses. Furthermore, specific proposed evolutionary drivers
that might be relevant for the evolution of certain aspects of
social organization may not be relevant for understanding the
evolution of the mating system; predictions or conclusions might
differ when these components of the social system are considered
separately. Tecot et al. (2016) developed specific, separate
predictions for the evolution of pair-living, sexual monogamy,
and pair-bonding derived from the major hypotheses for
“monogamy” reviewed below; the authors pointed out that not
all of these hypotheses are relevant for explaining each of these
aspects of the social system. These concerns are particularly true
for comparative studies that use large datasets for phylogenetic or
meta-analyses, where data from many different studies by many
different authors are integrated.
3. OVERVIEW OF HYPOTHESES FOR THE
EVOLUTION OF “MONOGAMY”
There are seven drivers historically and regularly considered in
discussions about the evolution of either pair-living or sexual
monogamy (see also Tecot et al., 2016; Klug, 2018; Fernandez-
Duque et al., in review) (1) The ‘infant care’ hypothesis states that
the need for biparental, or communal, care of costly offspring
is presumed to force males to stay with a single mate and her
offspring (Kleiman, 1977; Huck and Fernandez-Duque, 2013;
Rogers et al., 2018; Schacht et al., 2018; Macdonald et al.,
2019). This hypothesis assumes that male care is required for
the successful raising of offspring. Selective pressures encourage
solitary individuals to associate with the mating partner for the
period of infant raising. Once bi-parental care is established,
the hypothesis also proposes pressures for sexual monogamy,
if the costs of parenting are high (Tecot et al., 2016). (2) The
‘female dispersion’ hypothesis states that female scarcity, where
females also do not aggregate with one another, leads to an
inability of males to monopolize spatial access to more than
one female (Emlen and Oring, 1977; Shuster and Wade, 2003;
Schacht and Bell, 2016). Under this hypothesis, it is assumed
that resources that females rely on are scarce, low quality,
or highly dispersed, such that a male would not be able to
defend the range of more than one female. Note that this
hypothesis relates to the social organization rather than the
sexual mating system or pair-bonding. (3) The ‘mate guarding’
hypothesis states that the benefits to males of guarding one
female to obtain exclusive mating access outweigh the benefits of
seeking additional matings with other females (Emlen and Oring,
1977; Komers and Brotherton, 1997; Fernandez-Duque, 2016).
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While this hypothesis appears similar to the ‘female dispersion’
hypothesis, it predicts that males will not attempt to mate with
more females, even if they are able to cover more than one
home-range. It also predicts that, within a population, females
will show some reproductive synchronicity, or seasonality, that
limit males’ opportunities for extra-pair matings, and that both
males and females will show sex-specific aggression toward same-
sex intruders and that such aggression will be more pronounced
in the breeding season. In contrast to the ‘female dispersion’
hypothesis, the ‘mate guarding’ hypothesis relates to both the
social organization and the sexual mating system (see “Mate
defense” hypothesis of Tecot et al., 2016). (4) The ‘infanticide
prevention’ hypothesis (van Schaik and Kappeler, 2003) states
that the pressure for females to associate with a male who can
protect her, and her offspring, from aggressive and potentially
infanticidal conspecifics, leads to the formation of groups
consisting of male-female pairs and to sexual monogamy. The
hypothesis assumes that females losing their offspring become
receptive sooner than if they continue nursing current offspring.
It also assumes that a female’s partner is the likely sire of her
offspring and that the presence of a male increases both his
and the female’s reproductive success by reducing the success
rate of potentially infanticidal intruders. While this hypothesis
proposes a selective pressure acting on the social organization,
the degree of pair-bonding and the sexual mating system (Tecot
et al., 2016), it more strongly relates to pair-living than to sexual
monogamy in otherwise group-living species, since one of the
assumed counter-strategies of females against infanticide is to
mate with multiple males (e.g., Chakrabarti and Jhala, 2019). (5)
The ‘predation prevention’ hypothesis states that the pressure of
predation leads to a male associating with a single female if their
joint permanent presence helps to protect their offspring from
predators. The hypothesis assumes that males (or male-female
pairs) can deter predators more effectively than females can on
their own. This hypothesis is related to the social organization; it
does not explain pressures on the sexual mating system. (6) The
‘resource defense’ hypothesis states that pair-living has a selective
advantage due to the combined defense of resources year-round.
If resources are of low quality, or sparsely distributed, this will
generate intra-specific competition that leads to a situation where
an area cannot support larger groups. This hypothesis states that
resource defense is directed by both males and females against
intruders of both sexes, unless males, and females differ greatly
in their requirements of specific resources. Under this scenario,
pair-bonding is favored because it enhances coordinated territory
defense (Rutberg, 1983; Tecot et al., 2016). This hypothesis does
not address the social mating system (i.e., the issue of sexual
monogamy). (7) Lastly, according to the ‘optimal group size’
hypothesis, pair-living is favored if the costs and benefits of
group living in general [not just for defending resources, as
in Hypothesis (6)] lead to an optimal group size of only two
adults (plus a few offspring). The hypothesis does not presume
a link between pair-living and sexual monogamy, because it
only refers to the social organization, nor does it presume that
two adult group members will be pair-bonded (Tecot et al.,
2016). The hypothesis does suggest that changes in predation
pressure or resource availability may shift the social organization
toward, or away from, an optimal adult group size of two
animals. In certain taxa, or under certain conditions, some of
these hypotheses (e.g., the ‘mate guarding’ hypothesis) might
be sex-reversed. For example, if males are a scarce resource for
parental care, females may benefit by guarding a single male from
other females.
4. COMPARATIVE ANALYSES OF THE
EVOLUTION OF “MONOGAMY”
4.1. Overview of Recent Work
Over the past few decades, a number of influential studies have
investigated one or more of the hypotheses outlined above using
broad, comparative data, either for mammals or for particular
mammalian groups. For example, two early comparative studies
of ungulate mating systems concluded that female dispersion,
per se, does not provide a general explanation for the evolution
of “monogamy” in mammals (Komers and Brotherton, 1997;
Brotherton and Komers, 2003). Rather, the authors concluded
that it is the necessity and feasibility of guarding independently
ranging females (whose home ranges might nonetheless overlap)
that promote its evolution. They also proposed that paternal care
has more likely evolved as a consequence of a “monogamous”
mating system, and not as its cause.
Another early comparative study of the evolution of
“monogamy” focused on primates and used parsimony-based
phylogenetic comparative methods to reconstruct the ancestral
states from which the social organization of pair-living may
have arisen (van Schaik and Kappeler, 2003; see also Kappeler,
2014). The authors suggested that it is important to distinguish
two different types of pair-living in primates: “associated” pairs
(where pair partners show coordinated activity and spend
substantial amounts of time in spatial proximity to one another)
and “dispersed pairs” (where pair partners share a home-
range, but show little coordination of their activity and do
not regularly rest together). Based on presumed phylogenetic
relationships and the distribution of behavioral patterns across
extant taxa, the study concluded that these two types of pair-
living arose from different ancestral social organizations, with
associated pairs evolving from ancestors where females lived
in mixed-sex groups, and dispersed pairs (which are seen only
among strepsirrhine primates) arising from ancestors where
females maintained solitary ranges. Thus, for example, pair-
living in (almost) genetically monogamous indris (Indri indri:
Bonadonna et al., 2019) is proposed to have evolved from a social
organization such as that exhibited by ring-tailed lemurs (Lemur
catta) or Verreaux’s sifakas (Propithecus verreauxi), while co-
sleeping in fat-tailed dwarf-lemurs (Cheirogaleus medius) would
have evolved from a solitary social organization, such as that
exhibited by mouse lemur (Microcebus: Kappeler, 2014). In a
more recent study, Shultz et al. (2011) compared four competing
models for the evolution of social organization across all primates
and concluded that pair-living in all primates—including in those
strepsirrhines living in dispersed pairs—evolved from ancestors
living in multimale-multifemale social groups rather than from
ancestral taxa where females were solitary.
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More recently, two ambitious analyses have explored the
evolutionary history of “monogamy” amongmammals in general
(Lukas and Clutton-Brock, 2013) and among primates in
particular (Opie et al., 2013a), using comparative phylogenetic
methods (Lukas and Clutton-Brock, 2013; Opie et al., 2013a).
In the following, we focus mainly on these two studies because
they are highly cited, reached somewhat contrasting conclusions,
and refer explicitly, for some aspects of the analyses, to primates,
the group of mammals on which our own work is based.
Both studies analyzed the correlated evolution between “social
monogamy” (as both research groups referred to it) and some
of its candidate drivers (e.g., the need for male care, female
grouping and ranging patterns, and the risk of infanticide).
The data used for each of these studies were extracted,
primarily, from previously published reviews or encyclopedias,
supplemented with additional information compiled by the
authors from primary sources, as explained in the supplementary
materials. Lukas and Clutton-Brock (2013) classified ∼2,545
mammalian species “for which information was available” as
either solitary, “socially monogamous”, or group-living, and as
showing male care or not. Importantly, their category of “socially
monogamous” included many taxa that are pair-living, as well as
several taxa that are group-living, but where breeding is largely
or exclusively restricted to a single male-female pair. Thus, their
study was concerned with the evolution of sexual monogamy
rather than the social organization. They likewise compiled data
on several ecological and life history variables (e.g., gestation and
lactation length, home-range size and overlap) for each taxon.
Opie et al. (2013a) compiled a similar dataset on ∼230 primate
species, scoring each species’ mating system as “polygynous”,
“polyandrous”, “monogamous”, or some combination thereof.
However, despite using these terms that describe mating patterns
in their supplementary table, the definition of “monogamy” that
Opie et al. (2013a) used in their text (Table 1) suggests that
they are referring to the social organization of pair-living rather
than to the mating system of sexual monogamy. They also
characterized, for each species, whether male care is present or
absent and whether female ranges are discrete or overlapping,
and they calculated an index of theoretical “infanticide risk”
based on how quickly a female who loses an infant may
be expected to return to breeding. Both studies then used
phylogenetically explicit comparative methods to reconstruct
inferred trait conditions at ancestral nodes in the phylogeny and
examined whether and how transitions to “social monogamy”
(i.e., pair-living in the case of Opie et al., 2013a, and sexual
monogamy in Lukas and Clutton-Brock, 2013) were associated
with particular female grouping patterns, with patterns of male
care, and with changes in infanticide risk.
These two analyses show some consensus with respect to
the timing of the evolution of the character state of “social
monogamy” in relation to the character state of male care.
Transitions to pair-living (in the study by Opie et al., 2013a)
and sexual monogamy (in the study by Lukas and Clutton-
Brock, 2013), typically preceded or co-occurred with, rather
than followed, an increase in male involvement in infant care.
Once intense male care evolved, the likelihood of lower rates
of extra-pair paternity increased, potentially leading to more
strict genetic monogamy. This evolutionary sequence may then
contribute to the persistence of sexual monogamy once it arises
(Lukas and Clutton-Brock, 2013). The two studies, however,
reached rather different conclusions with regard to the ultimate
causes of the evolution of “monogamy”. Lukas and Clutton-
Brock (2013) concluded that “social monogamy” (i.e., sexual
monogamy) evolves most commonly when females are solitary
and when males are unable to defend reproductive access to
more than one female. They additionally concluded that the
evolution of sexual monogamy does not seem to be associated
with a high risk of infanticide by males. Opie et al. (2013a), by
contrast, claim that “social monogamy” (i.e., pair-living), at least
among primates, evolved in response to increased infanticide
risk; indeed, they emphasize that position in the title of their
article: “Male infanticide leads to social monogamy in primates.”
4.2. Methodological Considerations in
Comparative Analyses
While the studies reviewed above have indeed contributed to a
broader discussion of mating system variation in mammals and
have been both influential and widely cited, many of them suffer
from some of the concerns that we are raising here, including the
problem of terminology discussed in section 2, as well as others
we highlight below. For example, the definition of “monogamy”
used by Komers and Brotherton (1997) and Brotherton and
Komers (2003) is not clear; the illustrations that accompany the
analyses seem to point to pair-living, but the species included in
their analyses are often group-living, raising the possibility that
the authors actually refer to sexual monogamy instead (Table 1).
Likewise, the studies by Lukas and Clutton-Brock (2013) and
Opie et al. (2013a) utilized rather different definitions for “social
monogamy” (Table 1), which complicates direct comparison of
their results. Additionally, all studies have relied heavily on data
compiled from the secondary literature and from review articles,
which raises concerns about both data quality and comparability.
Not surprisingly, there has been controversy and critique by other
researchers who have questioned some of the conclusions and
methods of analysis used in these studies (e.g., de Waal and
Gavrilets, 2013; Dixson, 2013; Opie et al., 2013b, 2014; Lukas and
Clutton-Brock, 2014).
We would like to stress that we are fervent supporters of
using comparative phylogenetic analyses for examining social
system evolution, one of us having published one of the first
such studies on primates (Di Fiore and Rendall, 1994). But we
are skeptical about the value of some published conclusions
about the evolution and maintenance of “monogamy”, given
our concerns about the process by which the data have been
compiled, analyzed, and findings interpreted. We are not alone
in trying to highlight the fact that comparative analyses are only
as good as the data and measurements they are based upon
(Gittleman, 1989; Smith and Jungers, 1997; Houle et al., 2011;
Patterson et al., 2014; Sandel et al., 2016).
As field biologists who work with a suite of taxa that are
characterized as “monogamous” inmany of these analyses, we are
of course intimately interested in the questions being considered.
Thus, below we illustrate some of the problems with data used
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in comparative studies specifically for the four taxa of platyrrhine
primates (monkeys from South and Central America) on which
we have worked and published extensively (e.g., Huck et al.,
2004a,b, 2007; Carrillo-Bilbao et al., 2005; Di Fiore et al., 2007;
Fernandez-Duque et al., 2008, 2013; Fernandez-Duque, 2016;
Spence-Aizenberg et al., 2016; Van Belle et al., 2016, 2018). The
four taxa we refer to are owl monkeys (genus Aotus), western and
southwestern Amazonian titi monkeys (genus Plecturocebus),
tamarins (genera Leontocebus and Saguinus), and saki monkeys
(genus Pithecia). All are usually classified as “monogamous”
and three of them (owl monkeys, titi monkeys, and tamarins)
as showing male care. We focus here on the studies by Opie
et al. (2013a) and Lukas and Clutton-Brock (2013), not because
we think the problems are exclusive to them, but because the
central questions being examined are the ones on which we
have worked for decades and for which we know data the best.
Similar concerns have been raised about a host of other broad-
scale comparative analyses, whether they focus on behavioral,
ecological, or morphological traits (e.g., Patterson et al., 2014;
Rubenstein et al., 2016; Sandel et al., 2016; Powell et al., 2017;
Schradin, 2017; Tanaka et al., 2018), with some interesting
follow ups as well (Lukas and Clutton-Brock, 2017; Dey et al.,
2019). A more complete analysis of our data in view of recent
evaluations of the factors driving the evolution of pair-living,
sexual monogamy and biparental care is provided elsewhere
(Fernandez-Duque et al., in review).
In addition to issues of terminology, comparative studies have
been hampered by an over-reliance on secondary (and sometimes
out-of-date) sources, as well as by serious questions about data
quality and comparability. We tackle each of these inter-related
concerns in turn below.
4.2.1. Concerns About Bibliographic Sources
Judging from the references provided, the raw data used in a
number of influential comparative analyses are based heavily
on review articles (some of which are 20–40 years old), on
encyclopedic summaries, and, partly, on studies done in captivity
(e.g., Jolly, 1966; Kleiman and Malcolm, 1981; Kinzey, 1997;
Komers and Brotherton, 1997; Nowak, 1999; Shultz et al., 2011;
Lukas and Clutton-Brock, 2013; Opie et al., 2013a). Based on our
own review of the primary literature and of the references cited
in these studies, we think the choice of many of these sources is
questionable. We document the extent of the problem in more
detail elsewhere (Fernandez-Duque et al., in review). There we
present the results of a thorough review of cited references, where
we find that more than two-thirds of the references used by Opie
et al. (2013a) for classifying parental care for the four taxa of owl
monkeys, titi monkeys, sakis, and tamarins—and all but two of
the references used by Lukas and Clutton-Brock (2013)—do not
support the category assigned for the trait. It is frequent, and
unfortunate, that researchers trying to compile data for hundreds
or thousands of species seem to rely on previous compilations
instead of the primary literature that reports the original data.
It is equally problematic if editors request that authors of order-
wide analyses reduce the associated reference list, as Lukas and
Clutton-Brock (2017) assert happened with their submission.
We acknowledge that checking the original data is time
consuming; but, when time is limited, the solution should
be to consider fewer taxa or take longer to publish, not to
compromise the quality of the analyses (Borries et al., 2016;
Schradin, 2017). Whether the inclusion of data of unknown
quality is a problem that can influence the main conclusions
will depend on the amount of dubious data, and how central
those data are to the analysis (Symonds, 2002). When researchers
have access to a comparative dataset where all of the data
have been carefully vetted, it is then possible to explore the
consequences of including or not certain data through simulation
and permutation. Such sensitivity analyses should be standard for
any comparative analysis.
4.2.2. Concerns About Data Quality and
Comparability
Further problems associated with data quality and the lack of
clarity in how candidate traits are classified are also apparent
when we look at the examination of alternative hypotheses for
the evolution of pair-living or sexual monogamy. The infanticide
prevention hypothesis is among the most contentious ones
(Brotherton and Komers, 2003; van Schaik and Kappeler, 2003;
Lukas and Clutton-Brock, 2013; Opie et al., 2013a) and offers
an illustrative example to unpack. The challenges begin with
identifying a measure of acceptable internal validity (Smith,
2019), given the difficulty of operationalizing the “risk of
infanticide”, followed by the limited data available on infanticide
across the primate order outside of a handful of well-studied
species (Dixson, 2013). Because infanticide itself is difficult to
directly observe and quantify (van Schaik and Janson, 2000),
several broad-scale comparative studies focused instead on
quantifying “infanticide risk” and then explored how changes in
mating systems may have coevolved with changes in that risk
across primate phylogeny (van Schaik, 2000; Lukas and Clutton-
Brock, 2013; Opie et al., 2013b). These studies use as a proxy
for infanticide risk the ratio between the duration of lactational
amenorrhea (i.e., the period from birth to the resumption of
ovulatory cycles) and the combined duration of gestation and
amenorrhea. The rationale for such a proxy is that when this
ratio is high (i.e., lactation is long compared to the total period of
maternal investment), infanticide offers higher potential benefits
to males since they can substantially reduce females’ time to
resumption of cycling. Since there are hardly ever adequate
data to determine lactational amenorrhea, the length of the
lactation period (or, rather, the age at weaning: McNeilly, 2006)
is used instead. Opie et al. (2013a) operationalize infanticide
risk as L/(L+G) (where L = duration of lactation and G =
gestation length). While “gestation length” is a trait that can
be reliably defined and accurately measured (given that it is
relatively inflexible), the “duration of lactation” is much more
difficult to measure, as it is challenging to define the end of
weaning (Borries et al., 2014). Therefore, it is not surprising that
reported “weaning” ages vary widely between different studies.
For example, Goeldi’s monkeys (Callimico goeldii) are reported
to finish weaning at 112 days of age (Carroll, 1982), to begin
weaning at 14–21 days of age but continue to suckle frequently
up to 92 days (Jurke and Pryce, 1994), and to have a nursing
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period that lasts ca. 60–70 days (Lorenz and Heinemann, 1967).
When considering this species, Opie et al. (2013a) use a number
that is 2 weeks shorter than the longest reported weaning age. For
cotton-top tamarins (Saguinus oedipus), while Opie et al. (2013a)
use a gestation period of 168 days, a different study suggests that
gestation lasts 182–197 days (Ziegler et al., 1987).
Apart from these problems with accurately characterizing
the lactation period, the validity of the L/(L+G) proxy for
infanticide risk is only informative for species that do not
have a circumscribed birth season, have interbirth intervals
(IBIs) longer than 1 year, or do not show rapid postpartum
ovulation. Species with a circumscribed birth season, that
give birth annually, or that can conceive again shortly after
parturition, are unlikely to experience substantial risks of sexually
selected infanticide, given the impossibility of speeding up female
receptivity. Moreover, even if adequate data on gestation and
lactation length were available for some taxa within the radiation
of interest, it is unjustified to presume that data that are available
for one species can be assigned to different species of the
same genus or to different genera, however closely related. For
example, gestation length for saddle-back tamarins, Leontocebus
fuscicollis (mean female body mass = 358 g: Smith and Jungers,
1997) is 150 d (Heistermann andHodges, 1995), while for cotton-
top tamarins, S. oedipus (mean female body mass= 404 g: Smith
and Jungers, 1997) it is much longer at 183 d (Oerke et al., 2003).
Furthermore, it challenges extensive knowledge on the biology of
reproduction to use data on weaning age from captive primates,
who have consistent, predictable access to adequate food, for
developing evolutionary scenarios in an ecological context. For
example, weaning was completed at 19–21 months of age in wild
white-headed langurs (Trachypithecus leucocephalus), while in
captivity they are reported to be weaned when they are only 6
months of age (Zhao et al., 2008). We have presented elsewhere
more detailed analyses of the problems associated with themisuse
of gestation length and weaning age data on owl monkeys, titi
monkeys and sakis for examining the infanticide prevention
hypothesis (Fernandez-Duque et al., in review).
The data on seasonality used in tests of the ‘infanticide
prevention’ hypothesis are likewise problematic. For example,
Opie et al. (2013a) classify some owl monkey species (A.
lemurinus, A. nancymaae, A. trivirgatus) as aseasonal breeders
based on reports from studies of captive populations, when field
data, even if very limited, suggest that, in most owl monkey
species, the majority of birth occur over only a limited number of
months (Fernandez-Duque, 2011). When taxa are misclassified
for a test of a crucial aspect of a hypothesis, conclusions
ought to be considered tentative, even if the analysis itself
may be statistically sophisticated and appropriate. We suggest
that researchers should start abandoning the dichotomous
classification of traits (e.g., seasonal vs. aseasonal) in favor of
quantifications, such as the number of weeks or months when
births are observed. Even when the quantification of traits might
raise new considerations (e.g., how to treat outliers), we think it
will improve the quality of the comparative analyses. This change
will obviously require that fine-grained natural history data be
available for more taxa.
The quality and comparability of the data used in comparative
studies to test the ‘female dispersion’ and ‘mate guarding’
hypotheses are likewise concerning. Examining these hypotheses
requires knowledge about the spatio-temporal distribution of
females, including estimates of home range size and overlap.
Compiling appropriate data on these traits is challenging;
methods used to determine home ranges vary widely, and, by
extension, estimates of the degree of home range overlap between
groups and population densities vary as well. Additionally, often
no distinction is made between territories (i.e., defended areas)
and home ranges (i.e., the area used by an animal for its “normal”
activities such as foraging, resting, mating or caring for young:
Burt, 1943), but for consideration of some of the hypotheses
discussed above, this distinction is quite relevant. The choice of
home range estimator, or of overlap metrics, can also profoundly
influence estimated sizes and degree of overlap (Fieberg and
Kochanny, 2005; Getz et al., 2007; Huck et al., 2008). The
problems surrounding appropriate and comparable estimation
of home range sizes are not trivial, given that socioecological
theory traditionally assumes that a primary driver determining
the spatial distribution of females is the distribution of food
resources needed to support survival and reproduction, while
the main driver of males’ spatial distribution is the distribution
of females (Emlen and Oring, 1977; van Schaik, 1989; Altmann,
1990; Mitani et al., 1996; Sterck et al., 1997; Schülke and Ostner,
2012).
The data on home-range sizes used in Lukas and Clutton-
Brock’s (2013) comparative analysis come from PanTHERIA
(http://esapubs.org/archive/ecol/E090/184/default.htm), a
publicly-accessible species-level database of life history,
ecological, and geographical traits of mammals (Jones et al.,
2009). When we compared the data on the four taxa we work
with, as extracted from PanTHERIA, with our own rewiew
of the primare literature, our estimated median home range
sizes were approximately twice, three, and seven times larger
for tamarins, owl monkeys, and titis and sakis, respectively
(Fernandez-Duque et al., in review). Such a discrepancy is both
striking and concerning.
Given our apprehensions about the appropriateness and
quality of the data that are being used in comparative analyses,
we also examined the data on home range size reported in
a recent study re-evaluating the link between brain size and
behavioral ecology in primates (Powell et al., 2017). The authors
obtained home range (HR) size data from “dataset 1”, which
they describe as a previously unpublished dataset compiled from
the literature. The dataset, available online as Supplementary
Information, consists of 289 rows of data, one row for each
primate taxon considered. We focused on the 19 rows providing
data on “HR size average” and “HR range” for different
species of owl monkeys, titis, and sakis. For only nine species
were data reported on average home range size, and for
only eight species were data reported on the range of home
range sizes.
To consider the quality of these data, we compared the values
used in Powell et al.’s (2017) analyses with values we extracted
ourselves from the references cited by the them (Table 3). At
time of submission we were not able to check Sussman (2000), a
review reference on platyrrhine primates. Of the 15 comparisons
we were able to make between data reported in the comparative
study and data in the cited sources, we found exact agreement
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TABLE 3 | Information on average home range size and range of home range sizes for all listed species of the genera Aotus, Callicebus, and Pithecia from Powell et al.
(2017) and from our own search of the references cited therein.
Average home range size Range in home range size Notes
Species Value from
Powell et al.
(2017)
Value
from Our
Search
Agree? Value from
Powell et al.
(2017)
Value
from Our
Search
Agree? Source in Powell
et al. (2017)
Aotus miconax 1.4 NA in cited
source
NO 1.2–1.4 Shanee and Shanee,
2011 in Rowe and
Myers, 2011
Aotus azarae 7 NA in cited
source
NO 4–12 4–12 YES Fernandez-Duque,
2007
Aotus nigriceps 8.55 NA in cited
source
NO 3.1–14 7–14 NO Fernandez-Duque,
2007
Callicebus moloch 9.25 NA in cited
source
NO 6–18 6–8 NO Norconk, 2007
Aotus trivirgatus 10 NA in cited
source
6–12 NA in cited
source
Sussman, 2000 (not
checked); Wright,
1996
Pithecia pithecia 12.8 NA in cited
source
NO 10.3 −15,
34.6
10.3–34.6 YES Vié et al., 2001;
Norconk, 2007 in
Rowe and Myers,
2012
Callicebus lugens 14.2 NA in cited
source
NO 9–22 NA in cited
source
NO Norconk, 2007
Callicebus torquatus 15.9 NA in cited
source
4–30 4–30 YES Sussman, 2000;
Norconk, 2007
Pithecia monachus 24.9 NA in cited
source
YES 9.7–40 9.7–42 NO Soini, 1986 (reports
P. hirsuta)
Callicebus brunneus 1.4 Norconk, 2007
Aotus vociferans 6.3 Fernandez-Duque,
2011
Aotus brumbacki 17.5 Fernandez-Duque,
2011
Pithecia albicans 172.4 147–204 Norconk, 2007
Callicebus cupreus 3.5–14 Norconk, 2007
Callicebus personatus 4.7–24 Norconk, 2007
(i.e., the data fully match) on only four. Two additional concerns
arose about how the data included in the table were decided
upon. First, we found information on four additional taxa in
some of the sources cited that, for unspecified reasons, were not
included in Powell et al.’s (2017) dataset. Second, even when the
authors report average home range sizes, only one of the original
sources cited provided an average home range size, and we could
not find information on how the averages were then derived by
the study’s authors nor what average they computed (i.e., mean
or median). To illustrate the possible problems associated with
reducing variation in a presumably evolved trait, we focus on the
data used from Soini (1986). This source reports home range size
estimates from three different groups as 9.7, 24, and 40–42 ha,
and Powell et al.’s (2017) dataset then reports an average of 24.9
ha, presumably calculated as (9.7 + 24 + 41)/3. Is there much
information of biological value in such an average?
With all these issues in mind, we are concerned that many
contemporary considerations of hypotheses for the evolution of
“monogamy” assume—maybe too readily—that these inferential
analyses are solid and robust.
4.3. Suggested Guiding Principles
To summarize this section thus far, we have reviewed a number
of comparative studies that have tried to test, in mammals and
primates, several of the hypotheses outlined in section 3. Then,
with a particular focus on a few recent, large-scale analyses, we
have highlighted a number of concerns we have with respect to
issues of data classification and compilation and have further
examined the issue of data quality by comparing the data used
in those studies with our own compilation of information from
the primary literature for the four primate genera that we know
best. This exercise leads us to suggest a few guiding principles
around data quality for comparative analyses (see also Borries
et al., 2013).
First, we cannot stress enough the importance of researchers
more carefully assessing the quality and sources of the data used
in their comparative analyses, including explicitly addressing
the possible implications of changes in taxonomy. Second, we
all need to be more careful to ensure that definitions are
used consistently and are comparable between studies, or, at
minimum, that we “translate” the terms applied in different
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studies into a common vocabulary. Third, we must be willing
to rigorously exclude taxa for which no relevant field data exist,
or to show that data from captive populations are representative
of conditions in the wild. Similarly, data for potentially unusual
and “atypical” populations should be clearly highlighted as such
(e.g., island or provisioned populations). Fourth, we should strive
to use only primary peer-reviewed sources for each trait and,
as much as possible, not rely on just one reference per species
or genus of interest. Fifth, as much as possible, for continuous
data we should provide not just the mean or median value
for a trait but also some measure of variation, range, number
of studies included, and sample size. Moreover, if data from
several studies are combined, it should be clearly stated how the
“average” value was obtained. Sixth, it is essential that editors and
reviewers agree to adhere to, and begin enforcing these minimal
standards, to help ensure the quality of the data being used
in comparative studies. We suggest that societies and journals
consider requesting that authors certify that they have followed
adopted standards; this could be done in the same manner that
has become common practice for certifying adherence to animal
ethics and data sharing guidelines. Finally, with respect to the
particular topics of pair-living and sexual monogamy that we
are concerned with here, we argue that researchers ought to
explore their evolution considering perspectives of all of the
different kinds of individuals (e.g., males, females, residents,
floaters, helpers, etc.) that comprise those systems (e.g., Jennions
and Petrie, 2000; Gowaty, 2004). It is to that topic that we shift
our attention below.
5. THE IMPORTANCE OF THE
“INDIVIDUAL” PERSPECTIVE
Sexual monogamy and pair-living obviously cannot be fully
explained by focusing solely on whymembers of one, or the other
sex, might benefit from having only one opposite-sex mating
partner or group mate. That is, pair-living and sexual monogamy
can only be understood as consequences of the interaction of
male and female mating strategies and of the compromises that
interaction engenders (Gowaty, 1996; Shuster and Wade, 2003;
Hosken et al., 2009). Indeed, mathematical models continue
to incorporate factors influencing the variance of reproductive
success in both males and females (Shuster and Wade, 2003;
Kokko and Morrell, 2005; Port and Johnstone, 2013). Modeling
approaches have indicated, for example, that the question of
whether mate-guarding by males can be an evolutionary stable
strategy (ESS) is also likely to depend, not only on the spatial
distribution of females, but on the propensity of females to
seek extra-pair copulations (Kokko and Morrell, 2005). In this
context, the relevance of the extent of female synchrony of
oestrous, which can strongly affect whether males are able to
monopolize females, has not been considered in the same way
as spatial dispersion in recent comparative phylogenetic analyses
(but see Lambert et al., 2018). It is also important to consider
the interaction between the spatial distribution of females, their
relative oestrous lengths, and the daily travel distances of both
males and females. For example, a breeding season of 1 month
may be ample time for males, or females, to mate with multiple
partners if home ranges are fairly small and close together; on the
other hand, in a species with large home ranges, where females
are spaced far apart, a month may not be sufficient time for
individuals to mate with more than one partner.
Despite these considerations, there is still sometimes a
tendency to consider quite different aspects for males and for
females—namely distribution of females for males, but variation
in clutch size or number of broods for females (Shuster and
Wade, 2003). This may often be adequate, but not necessarily
always. Additionally, while it is common to point out that not
all males will reproduce, this possibility is seldom considered
for females. This omission is particularly problematic in systems
where reproducing individuals mate with only one partner,
since in these systems (e.g., sexually monogamous species) it
is often assumed that there will be minimal variance in mate
numbers for either males or females (e.g., Table 6.1 in Shuster
and Wade, 2003). However, in territorial species with limited
breeding spaces, such as many territorial birds or mammals,
variance in reproductive success can be high when comparing
territory holders and floaters (e.g., Fernandez-Duque and Huck,
2013). Thus, in the following sections, we consider the behavioral,
adaptive and evolutionary implications of pair-living and sexual
monogamy from the perspectives of the breeding female and
the breeding male, as well as from the perspectives of both
reproductive and non-reproductive adults. We recognize, of
course, that the social system outcome reflects an integration
of all of these different perspectives (Gowaty, 1996; Shuster and
Wade, 2003; Hosken et al., 2009).
5.1. The Breeding Female’s Perspective
We consider three questions in exploring why a female lives
in a pair or is sexually monogamous. First, why are there no
other females sharing a home range with a given female? Second,
why does only one of them breed when several females share a
home range? And third, why does a breeding female not mate
with several males, either from her own social group or from
other groups?
5.1.1. Why Don’t Females Share Home Ranges?
Asking why females do not share home ranges relates
fundamentally to the social organization of a species—in other
words, who groups with whom and why? When females range
and breed independently, it can result in either a solitary or a
pair-living social organization (or, much more rarely, in a one-
female, multi-male group). All these systems are characterized by
relatively small group sizes. The fact that females do not share
home-ranges with other females is most likely related to the
distribution of resources needed to support female survival and
reproduction (Emlen and Oring, 1977; Sterck et al., 1997; Lukas
and Clutton-Brock, 2013); if resource distribution were not part
of the explanation, one would expect to at least sometimes see
large groups comprising a single female ranging with multiple
males. Still, among mammals, we see numerous examples of the
reverse: very large groups consisting of a single male associating
with multiple females (e.g., Hanuman langurs, Semnopithecus
entellus, with harem sizes of up to nine females: Newton, 1994;
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Southern elephant seals, Mirounga leonina, with harem sizes of
up to 90 females: Fabiani et al., 2004). However, among primates,
there are no taxa in which a single female lives with many males
in rather large groups, nor are we aware of cases of strongly
male-skewed social groups in other mammalian taxa. Among
the callitrichine primates, and among some hylobatids (gibbons
and siamang), there are cases of single females living with several
males, but in these cases the number of adult males is invariably
small (≤4), and total group size is usually smaller than 10
individuals, including offspring (Heymann, 2000; Reichard and
Barelli, 2008; Digby et al., 2010; Garber et al., 2016). Sometimes
these groups are referred to as “polyandrous”, although we
caution that that word—just like “monogamy”—carries with
it connotations about patterns of mating or reproduction and
should be eschewed unless it is being used, explicitly, to refer to
either the social or genetic mating system.
Explicitly considering the point of view of the breeding male
(see section 5.2) might be important for explaining apparent
limits to the number of males present in these one-female, multi-
male groups. Females may not object to the presence of more
than one adult male; still, the selection pressure onmales to reject
other males may be higher than for the females to encourage
them. It is worth mentioning that in several primates with
either a modal pair-living social organization or a modal sexually
monogamous mating system, sometimes other adults of either
sex occasionally reproduce (Digby, 1995; Reichard and Barelli,
2008; Thompson, 2016; Porter et al., 2017).
5.1.2. Why Don’t Other Females in the Group Breed?
If females live together with other females but only one of
them reproduces, the question arises of why other females do
not breed. In most group-living mammals all adult females
regularly reproduce (e.g., cercopithecine primates, carnivores,
Perissodactyla, and Artiodactyla, bats, elephants, and rodents:
Ebensperger et al., 2012; but see Rubenstein et al., 2016).
However, in some primates, and in some other group-living
mammals, reproduction is highly skewed toward a dominant
male-female pair. That is, even when there is more than one
reproductively mature female, most females do not normally
reproduce. This pattern occurs in several group-living carnivores
(e.g., coyotes, Canis latrans: Hennessy et al., 2012; wolves, Canis
lupus: vonHoldt et al., 2008; meerkats: Griffin et al., 2003; Young
et al., 2007; see also Macdonald et al., 2019) and rodents (e.g.,
common mole-rats, Cryptomys hottentotus: Bishop et al., 2004;
hoary marmots, Marmota caligata: Barash, 1981; Kyle et al.,
2007). It is also seen in marmoset and tamarin primates, where
reproduction by more than one female is very uncommon (e.g.,
golden lion tamarins, Leontopithecus rosalia: Dietz and Baker,
1993; saddleback tamarins, Saguinus weddelli, and several other
members of the genus Saguinus: Garber et al., 2016).
In some cases, when subordinates are closely related to the
opposite-sex adult in the group, inbreeding avoidance seems
a likely explanation, and has been demonstrated in female
Damaraland mole-rats (Cryptomys damarensis: Cooney and
Bennett, 2000). However, in groups were females are not related
to the dominant male, other explanations are necessary. Breeding
being restricted to, or heavily skewed toward, a single dominant
female suggests that some limited resources other than food
(e.g., allomaternal infant care) constrain female reproductive
output. In primates, group-living in association with true sexual
or genetic monogamy is actually quite rare or, arguably, absent.
Callitrichines are a special case. They show such high intra-
specific variability in their social organization and mating
patterns that researchers are reluctant to classify any species
as either definitely pair-living or sexually monogamous (Garber
et al., 2016). Some taxa tend to be pair-living (e.g., pygmy
marmosets, Cebuella pygmaea: Soini, 1982; de la Torre et al.,
2009), some may have several females breeding simultaneously
(e.g., commonmarmosets, Callithrix jacchus: Garber et al., 2016),
and yet others show monopolization of parentage by one pair
despite polyandrous or polygynandrous mating (e.g., mustached
tamarins: Huck et al., 2005). Still, what all callitrichine taxa have
in common is a high degree of alloparental care of the infants
(Garber, 1997; Erb and Porter, 2017). It has been hypothesized
that competition for infant care explains the monopolization of
reproduction by one female (e.g., Digby, 2000; Yamamoto et al.,
2010).
In contrast, it is less clear why subordinate females do not
reproduce. The topic remains rather understudied, and “proof”
for hypotheses is hard to come by. At a proximate level, there
are some hypotheses based on physiological and behavioral
mechanisms. For callitrichines, studies of captive individuals
suggest that the reproductive cycles of subordinate females are
hormonally suppressed by the dominant female (French et al.,
1984; Ziegler et al., 1987; Snowdon et al., 1993; Puffer et al.,
2004). However, the few studies of wild callitrichines that have
examined physiological suppression have failed to find similar
evidence (Löttker et al., 2004; Sousa et al., 2005). There are
alternative mechanisms, besides physiological ones, that may be
regulating the suppression of subordinate females or otherwise
reducing their reproductive output. Subordinate females may be
prevented behaviorally from copulating, or their offspring may
be killed by dominant females (e.g., Abbott, 1984, 1987; Digby,
1995; Digby and Saltzman, 2009). Ultimate explanations for the
lack of reproduction in subordinates are not as well understood.
It is possible they are “making the best of a bad job”, with
the costs of foregoing reproduction being ameliorated by kin-
selection benefits or by direct benefits from group living, as has
been suggested for male tamarins (Huck et al., 2004a).
5.1.3. Why Do Females Mate Monandrously?
When females are mating with only one male, this can simply be
related to a scarce distribution of males. In otherwise famously
promiscuous domestic cats (Felis silvestris catus), a population
on Kerguelen Island showed a monogamous genetic mating
system when cat density was so low that it was not beneficial
for males to attempt finding more than one female (Say et al.,
2002). Despite the potential genetic benefits of mating with
several males (Jennions and Petrie, 2000), and despite possible
advantages accrued through confusing paternity (e.g., securing
additional male investment or reducing the risk of infanticide:
Hrdy, 1979; van Noordwijk and van Schaik, 2000; van Schaik
et al., 2000; Soltis, 2002), it is unlikely that the benefits of
finding several partners are generally as high for females as they
are for males, while the costs could be higher. These higher
costs can occur through harassment (e.g., normally monandrous
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parasitoid wasps, Nasonia vitripennis, had reduced longevity if
exposed to more males during oviposition: Boulton and Shuker,
2015) or through acquiring sexually transmitted diseases that
might have potentially higher costs in females (Thrall et al.,
2000). An intriguing exception could be lekking species. There
is some indirect evidence that female blue-crowned manakins
(Lepidothrix coronata) visit multiple leks before mating, seeking
out leks that are beyond their usual home-range and further
away than the nearest lek (Durães et al., 2009). While considering
lekking strategies of females in more detail is beyond the scope of
this review, the possibility warrants further exploration.
Still remaining is the question of why, if several unrelated adult
males live in a group, a breeding female mates with only one of
them. Influenced, possibly, to an unjustified extent by Bateman’s
(1948) study of intra-sexual selection and reproductive output
in Drosophila, it has long been presumed that females cannot
increase their fitness by mating with multiple males. However,
even if that were true (but see Jennions and Petrie, 2000), and
important challenges to Bateman’s paradigm notwithstanding
(Tang-Martinez et al., 2000; Drea, 2005; Tang-Martinez and
Ryder, 2005; Gowaty et al., 2012), the argument against mating
polyandrously is still weak, unless there are actual costs associated
that would select against mating with several partners (e.g.,
Wigby and Chapman, 2005). It is also possible that it is not a
female’s choice tomate with only onemale, but rather that a given
male might prevent other ones frommating with her (see section
5.2). Alternatively, females may indeed actively choose to mate
with only one male to give him more reason to be monogynous
due to increased paternity certainty. This can in turn increase the
benefits of male care, since multiple matings by females and the
resulting decrease in paternity certainty select against male care
(Kokko and Jennions, 2008).
5.2. The Breeding Male’s Perspective
By analogy to the female’s perspective, we consider here three
parallel questions relevant to understanding pair-living and
monogyny from the point of view of the breeding male: (1) why
does a male live in a group or occupy a home range that contains
no other males; (2) when there are several males in a group or
several males with largely overlapping ranges, why might only
one of them mate or breed; and (3) why doesn’t a male mate
with several females, either from his own social group or from
other groups?
5.2.1. Why Are There No Other Males Present?
As for females, this first question refers to the social organization
of the species. When other males are breeding, but are not
residing in the same group, this results in a solitary, pair-
living, or one-male, multi-female (“harem”) organization. All
these possible social arrangements may result from resource
distribution and availability and from female dispersion (see
section 5.1). Behaviorally, males may actively prevent other males
from entering the group. In Azara’s owl monkeys (Aotus azarae),
males, and indeed females as well, fiercely try to prevent solitary
intruding floater males from entering a group (Fernandez-Duque
and Huck, 2013). In itself, the ability to prevent other males from
entering a group might depend partly on aspects of the species’
ecology (Krüger et al., 2014).
5.2.2. Why Don’t Other Males in the Group Breed?
In groups with more than one male, however, an almost
genetically monogamous mating system may result even when
the sexual mating system is polyandry, as shown for mustached
tamarins (Huck et al., 2005). In these cases, the question arises
why some males do not reproduce. Incest avoidance may be one
explanation, as it may be a mechanism preventing males from
mating with their mother or a sister. Intriguingly, in an intensely
studied (>3,000 h of observation) group of mustached tamarins,
the son of the breeding females was the only adult male that
was never observed to mate with her (Huck et al., 2005). For
males unrelated to the breeding female other explanations are
necessary. If the breeding male prevents, or the female refrains
from, copulations between the female and other males, at least
during the female’s fertile period, this results in a polygynous or a
genetically monogamous mating system. Another reason could
be that in pair-living mammals, females tend to be the same
size as males, or slightly larger (ungulates: Loison et al., 1999;
canids: Macdonald et al., 2019; primates: Smith and Jungers,
1997). Males, therefore, find it more difficult to actively prevent
females from mating with other males than males in taxa with
substantial body size sexual dimorphism. In the latter case, males
may employ more subtle strategies, such as mate guarding.
One of the phylogenetic comparative analyses discussed above
suggested that a lack of sexual size dimorphism is actually
not a consequence of, but rather a prerequisite for, sexual
monogamy (Lukas and Clutton-Brock, 2013). Mathematical
modeling also suggests that the propensity of females to seek
extra-pair copulations strongly affects how worthwhile a mate-
guarding strategy may be to males (Kokko and Morrell, 2005).
The mate guarding strategy of the male can consist of preventing
other males from approaching the female, more than preventing
the female from mating with other males. When the female’s
reproductive status is assessed through olfactory mechanisms,
males may try to prevent other males from getting close enough
to a female to assess her reproductive status, as has been suggested
for Kirk’s dik-dik (Madoqua kirkii: Brotherton et al., 1997),
Azara’s owl monkeys (Aotus azarae: Spence-Aizenberg et al.,
2018), and mustached tamarins (Saguinus mystax: Huck et al.,
2004a).
5.2.3. Why Do Males Mate Monogynously?
Given the profound differences in the reproductive biology of
male and female mammals, understanding why males might
not attempt to mate with several females remains a challenging
question. We consider separately the situation of males in
solitary, pair-living, and group-living species.
If females are widely dispersed and solitary, there might be
conditions where it becomes difficult for males to assume a
roving strategy that has higher fitness benefits than staying with
one female and guarding her (e.g., cats on Kerguelen Island;
Say et al., 2002; prairie voles, Microtus ochrogaster: Rice et al.,
2018). Lukas and Clutton-Brock’s (2013) study suggested that
the ancestral state for extant mammals with a “monogamous”
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system, whether pair-living or group living, were solitary females.
However, a study focusing only on primates, and distinguishing
between “dispersed” and “associated” pairs, concluded that the
ancestral state for primates living in “associated” pairs (like all
haplorhine pair-living primates) was group living, while species
with “dispersed pairs” (e.g., pair-living strepsirrhines) usually had
solitary ancestors (van Schaik and Kappeler, 2003). Given that
there are no extant solitary haplorhine primates, and that pair-
living occurs in a variety of independent haplorhine branches,
the most parsimonious proposition for the ancestral state of
haplorhines is indeed group-living species.
Living in pairs does not necessarily precludemales, or females,
from seeking extra-pair copulations. Among fat-tailed dwarf
lemurs (Cheirogaleus medius), who usually live in dispersed
pairs, nearly half of the offspring were conceived through EPCs
(Fietz, 1999; Fietz et al., 2000). This result raises the question of
what prevents males in other pair-living species, such as Azara’s
owl monkeys (Huck et al., 2014), from mating with females in
other groups. Emlen and Oring’s (1977) ecological model for the
evolution of mating systems suggests that the spatial distribution
of females might make it impossible for males to seek EPCs.
Yet, the home-ranges of females in pair-living species tend to
be smaller, rather than larger, than those of solitary females
with a potentially promiscuous mating system (Komers and
Brotherton, 1997; Lukas and Clutton-Brock, 2013). In Azara’s
owl monkeys, home ranges average 6.2 ha (Wartmann et al.,
2014), groups regularly travel several hundred meters (300–
500m) in a few hours (Fernandez-Duque, unpublished data)
and the ranges of floaters are larger than those of established
groups (Huck and Fernandez-Duque, 2017). Thus, male owl
monkey can easily transverse several females’ ranges in a short
time. Similarly, titi monkeys and sakis (Van Belle et al., 2018),
as well as gibbons (Reichard, 2003b), all have home-range sizes
that are sufficiently small relative to day range length, such that
a male should be able to cross several female ranges per day,
potentially gaining reproductive access tomore than one of them.
That extra-pair copulations and paternities have been reported in
several species of hylobatids (Reichard, 1995; Kenyon et al., 2011;
Barelli et al., 2013) suggests that pair-living males, and females,
sometimes do pursue successfully mating opportunities outside
the pair.
When multiple females live in a group, it is even more
difficult to understand why males do not attempt to mate with
several of them. Callitrichines are the only primate clade where
males often live with several unrelated adult females and do
not normally mate with more than one of them. During more
than 3,000 h of observations of a group of mustached tamarins,
none of the adult males attempted to copulate with either of
the two non-breeding females, while all males unrelated to the
breeding females did mate: with her (Huck et al., 2005). However,
in the same population, one of us observed a copulation by
a subordinate female with a male from a neighboring group
(Huck et al., 2005). Furthermore, very occasionally, more than
one female may attempt to breed in the same group (Culot et al.,
2011). This indicates that tamarin males might not say “no” if the
opportunity arises. In no other group-living primate taxon are
males known to be sexually monogynous.
Similar strategies as discussed for females (active defense
and mate-guarding) may prevent other males from achieving
copulations with a guarded female. Another reason why males
do not mate polygynously may be that females are preventing
it through physical or hormonal mechanisms. That this is more
than just a theoretical possibility has been shown for burying
beetles (Nicrophorus defodiens), where females try to coerce
males into mating monogamously by preventing them from
advertising through pheromones to other females (Eggert and
Sakaluk, 1995). Although traditionally we have not considered
female mammals as having a high potential for coercing
sexual monogamy in males, the previously discussed lack of
dimorphism that characterizes most pair-living primate taxa can
reasonably allow females to have influence over their partner’s
mating strategies. Additionally, dominant females may also be
able to exert control over a male’s interest in mating with other
females indirectly, by suppressing the ovulation of subordinates.
More generally, it remains necessary to explain how the
benefits to a male from staying with a particular female may
be higher than the alternative strategy of trying to find and
mate with additional females. The relative payoffs will depend
on both the costs of mate search, the probability of encountering
potential mates (Fromhage et al., 2005) and the accrued benefits
from increasing the female’s fitness. For example, by reducing
the costs of raising offspring for a female, a male might increase
the likelihood of future reproduction with the same partner,
and male care could likewise directly increase infant survival.
Taking at face value the evidence from recent comparative
phylogenetic analyses that pair-living typically evolves before
extensive parental care (Lukas and Clutton-Brock, 2013), this
explanation obviously must be a secondary step that drives
extra-pair paternity rates down once an association has been
established, rather than being the primary cause. Mathematical
modeling investigating situations where male mate-guarding and
sexual monogamy are likely to evolve, indicate that important
factors are the adult sex ratio (ASR), where an increasingly male-
biased sex-ratio would increase a male’s mate-guarding time,
and the female’s likelihood of seeking EPCs, where either very
high or very low rates of female EPCs reduce a male’s guarding
effort (Kokko and Morrell, 2005; Harts and Kokko, 2013). These
findings lead to further questions as to why, in some taxa, the ASR
can be, or could have been in the past, more male-biased than is
typically seen in mammalian systems.
5.3. Non-breeders’ and Floaters’
Perspectives
While it is hard enough to understand why males or females
refrain from mating with others than their partners, it is even
more difficult to understand why some individuals do not
reproduce at all, a phenomenon that occurs in group-living
species, as well as in pair-living ones (Figure 1). Unless otherwise
stated, we consider the arguments for male and female non-
breeders and floaters to be similar in pair-living species and
in species with sexual monogamy. In both cases, unless there
is a strong difference in the adult sex ratio, non-breeders and
floaters can be of either sex. This should be the case in pair-living
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species, while in group-living species that are usually sexually
monogamous the sexes might differ more strongly, because one
sex might find it easier to “sneak in” breeding possibilities.
For example, in callitrichines, it might be easier for males to
mate with the dominant female while the dominant male is not
watching than for a subordinate female to rear offspring in the
presence of a dominant one.
Non-breeders would do better holding a breeding position
themselves. In the case of cooperative breeders, or when
subadults show natal delayed dispersal, the costs of non-breeding
might be partly offset by direct or indirect fitness benefits.
Quite commonly, non-breeders seem to be making the best
of a bad job. For example, non-breeding turkey (Meleagris
gallopavo) males participate in the displays of breeders to attract
females in a manner that fits expectations from Hamilton’s rule.
While dominant males clearly have higher fitness, the benefits
through indirect fitness for the related non-reproductive males
appear to be higher than their probability of successful breeding
(Krakauer, 2005). If indirect benefits to subordinate males are
suboptimal, then it follows that they should be a constant threat
to breeders.
Additionally, floaters, or non-breeders, of both sexes will
affect the operational sex ratio, which can fluctuate locally
and temporally (Fernandez-Duque and Huck, 2013). A
large population of floaters will lead to intense intra-sexual
competition. The role of floaters in the social organization
and mating system of species needs urgent addressing; this
is particularly true in pair-living species, where they are not
so conspicuous as bachelor groups or subordinate males are
in group-living species (Fernandez-Duque and Huck, 2013).
The role of floaters in the formation of communal breeding in
group-living species has been previously modeled (Port et al.,
2011, 2017; Port and Johnstone, 2013), but not their impact
on population dynamics when breeders are usually pair-living.
Furthermore, but beyond the scope of this review, it would
be interesting to evaluate how various models of reproductive
skew (such as queuing or tolerance models: Clutton-Brock,
1998; Reeve et al., 1998; Johnstone, 2000), originally proposed
FIGURE 1 | Potential relationships between social organization and the variance in male and female reproductive success. Circles represent social groups. Filled
symbols for males and females represent established breeders, while unfilled symbols represent other adult individuals. In all three scenarios there are six adult males
and six adult females representing the population. Gray lightning bolts represent the potential for sexual competition (additional competition between individuals from
different groups is additionally possible). An equal adult sex ratio is assumed. (A) In pair-living species, the majority of adults will live in established pairs. Competition is
mainly between breeders established in groups and floaters. Variance of reproductive success is the same for males and females. How much variance in reproductive
success exists depends on the relative number of floaters to established pairs, which in turn depends on the relative tenure length, reproductive rates of pairs, and
mortality rate of floaters. (B) In group-living species with an alpha-breeding pair that monopolizes reproduction (possibly with monogamous mating system), the
variance in reproductive success is again the same for both sexes, but with mature individuals in the same group that are (usually) not reproducing, the total variance
is relatively high, with a high potential for same-sex competition within groups. Competition with potential intruders will depend on who the dispersing sex is, which in
group-living species tends to be only one sex, with the exception of the callitrichines. (C) In more typical harem-type social organizations, female reproductive success
within groups does not very much, while the variance amongst males is much higher.
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for hymenopteran insects (e.g., Reeve and Ratnieks, 1993)
but also applied to studies on group-living primates (Port
and Kappeler, 2010; Snyder-Mackler et al., 2012; Port et al.,
2018), could be developed to help understand the dynamics of
interactions between floaters of both sexes and breeding pairs,
e.g., by examining the extent of deviations from pair-living or
sexual monogamy in relation to different levels of alloparental
care behavior.
Floaters can potentially have a strong impact on population
dynamics and on the operation of sexual selection. Given an
equal sex ratio, the mean number of offspring must be the
same for males and females (Houston and McNamara, 2002;
Wade and Shuster, 2002; Kokko and Jennions, 2003). Thus, all
else being equal, the variance in reproductive success should
be similar for males and females under sexual monogamy, but
higher for males than females in a polygynous system (Trivers,
1972; Clutton-Brock, 1988). But what has not been pointed out
before is that the magnitude of the variance in reproductive
output might differ between pair-living species with sexual
monogamy, and group-living species with the same mating
system (Figure 1). This would most definitely be the case if the
population includes floaters, since floaters also contribute to the
variance in reproductive success in a population.
In owl monkeys, themajority of adults live in stable pairs, such
that a majority of adult males and amajority of adult females hold
reproductive positions. However, there is a substantial number
of young adults who after emigrating from their natal groups
remain in the population, ranging over the home ranges of
several pair-living residents (Figure 1A). These floaters either
challenge the same-sex individuals of established pairs to try
to gain a breeding position or take advantage of vacancies in
resident positions that arise through natural deaths (Fernandez-
Duque and Huck, 2013; Huck and Fernandez-Duque, 2017). It
has proven difficult to quantify precisely the frequency of those
challenges. Over the years, we have quantified the frequency
of successful takeovers by floaters (27 female and 23 male
replacements in a total of 149 group-years: Fernandez-Duque
and Huck, 2013), but the frequency of their failed attempts
is likely to go unnoticed by researchers. Equally, while there
should be the possibility of sneaky copulations with individuals
from neighboring groups, the opportunity of EPCs should be
relatively low in closely associated pairs, such as owl monkeys.
Male and female owl monkey partners are constantly in very
close proximity to each other; they should therefore be able to
ward off attempts to copulate with other individuals. Thus, we
expect variance in fitness to be similar for males and females,
and similarly low amongst breeding individuals of both sexes.
However, differences between breeding male and female variance
in reproductive success will also depend on the relative numbers
of male and female floaters in the population, and variance in
reproductive success amongst all adults, i.e., including floaters
that never obtain a breeding position, will be much higher
than often assumed (e.g., in Table 6.1 in Shuster and Wade,
2003).
By contrast, in group-living species with several potentially
reproductively active males and females, and where one alpha
male manages to monopolize reproduction, there will be several
mature adults of both sexes present on a daily basis that could
compete for reproductive opportunities. A large proportion of
the population will live in groups, but only a small number
will hold a main reproductive position. The total variance of
reproductive success should, on a population level, be therefore
higher, and opportunities for competition should be more
frequent (Figure 1B). Naturally, these arguments focus on a
snapshot in time. Conditions might differ if dominance is, for
example, age-dependent, so that if skew is measured over a multi-
year window, the variance will be actually lower and approach
that of the “less competitive” sex. In groups, there will likely
not only be competition between group members, but additional
interactions with dispersing individuals or neighboring groups
could also take place, as in the case of pair-living species. In
one-male multi-female groups, essentially all females should
reproduce, so there should be very little variance among females
(and less than among pair-living females, where floating females
might never gain a reproductive position), but very high
variance among males (Figure 1C). We find it important to
reiterate that pair-living need not imply lack of competition;
indeed, competition can be frequent and/or intense, depending
on the characteristics of the floater population (Fernandez-
Duque and Huck, 2013). Still, competition should occur
more sporadically than in group-living sexually monogamous
species, and a larger proportion of the population should
be able to reproduce at the same time. This might have
implications for the sexual selection potential that have not been
fully explored.
6. FUTURE RESEARCH DIRECTIONS
Our understanding of the evolution of pair-living and sexual
monogamy in primates and other mammalian taxa has moved
forward some important steps since Kleiman (1977) attempted
the first comprehensive review, but work remains to be done.
Apart from our hope that some of the issues about data quality
and comparability in comparative studies that we addressed
above will be dealt with more consistently in the future (see
section 4.3) and that some of the hypotheses outlined in section 3
will be revisited using better datasets with clearer definitions, we
suggest below several related topics that warrant and will benefit
from further attention and research.
First, the likelihood of an individual encountering potential
sexual partners depends on various factors, and comparative
analyses looking at operational and adult sex ratios, home-
range size, female dispersion, degree of home-range overlap, and
species-specific life-history traits do try to take a number of those
factors into account. We suggest, however, that comparative
studies should strive to consider additional factors that are slowly
beginning to be investigated. In particular, for pair-living species,
the role of floaters in considerations of adult sex ratios has
been too long neglected, and we hope that more researchers
will attempt to study this elusive component of any species’
population biology. We cannot emphasize enough that it took
the first 6 years of our research on secretive owl monkeys in
Argentina to realize the importance of a floater population; new
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technologies are already contributing to carefully assessing the
existence of floaters in other secretive taxa (Sabol et al., 2018).
Second, if the adult sex ratio plays such a strong role for
mating systems as theory suggest (Harts and Kokko, 2013), the
factors affecting the adult sex ratio require further exploration
as well. For example, does a biased sex ratio start at birth or
is it related to differential investment in sons and daughters
that affects their survival probability? What is the influence
of differential mortality among adult males and females, both
residents and floaters? There have been suggestions that in
polygynous primates the reduced life expectancy of males relative
to females contributes to greater variance in reproductive success
in males (Clutton-Brock and Isvaran, 2007; Bronikowski et al.,
2011). Among pair-living sexually monogamous primates, it has
been hypothesized that natural selection will favor longevity
in the sex most responsible for rearing offspring (Allman
et al., 1998). Owl monkeys—pair-living, sexually and genetically
monogamous, and showing biparental care of offspring—provide
some evidence in support of this hypothesis. Male and female owl
monkeys show similar levels of intra-sexual competition and have
similar life expectancies (Larson et al., 2016).
Third, more research is needed on the communication
between pair-mates and between groups. van Schaik and
Kappeler (2003; see also Kappeler, 2014) suggested a different
ancestral state for extant dispersed vs. associated pairs, and
it is clear that more work is needed to understand the
various behavioral mechanisms coordinating the relationship
between pair-mates. For example, in our work with three taxa
(owl monkeys, titis, and sakis) that are consistently classified
as pair-living and sexually monogamous, we have, over the
years, documented qualitatively different patterns of male-female
interaction among them (Spence-Aizenberg et al., 2016; Porter
et al., 2017). Loud-calls and duetting are suggested as one
important set of behaviors involved in regulating pair-bonding,
group cohesion, and inter-group communication. A number of
studies have explored the possible functions of loud-calls and
duetting in regulating territoriality and use of space by groups
of pair-living owl monkeys, titi monkeys, and gibbons (Mitani,
1985a,b; Caselli et al., 2014, 2015; Ham et al., 2016, 2017; Adret
et al., 2018; García de la Chica et al., 2019), though similar studies
have not yet been done on sakis.
Fourth, the need to better understand male-female
relationships is also related to questions about mate-guarding
and extra-pair copulations by males, and potentially also by
females, as research on burying beetles has shown (Eggert and
Sakaluk, 1995). In turn, more detailed knowledge onmale-female
interactions will allow progress in assessing the presence or not
of a bond between breeding male and female (pair-bonding).
This would be particularly useful, given the suggestion that these
types of pairs might have evolved through different routes (van
Schaik and Kappeler, 2003; Kappeler, 2014). Studies of captive
individuals have provided the best data on pair-bonds in rodents
and primates, including hormonal regulation, neurogenetics,
neurobiology and behavioral indicators of emotional distress
(Smith et al., 2010; Gobrogge and Wang, 2015; Maninger et al.,
2017; Carter and Perkeybile, 2018). Unfortunately, far less is
known about degree of bonding in other species and very little
physiological data on these aspects exist for wild primates, and in
particular not in dispersed pairs. As humans show, a pair-bond
can exist without constant proximity (Gavrilets, 2012), but
pair-bonding is probably not required for keeping a pair-living
social organization or even a monogamous mating system, given
the occurrence of “dispersed pairs” in species like fork-marked
lemurs (Schülke and Kappeler, 2003). Even if floaters were the
most important source of intra-sexual competition, pair-living
groups also interact with other groups, leading to opportunities
for competition.
Fifth, while the relationship between a presumed father’s care
behavior, pair-living, and sexual and genetic monogamy have
received substantial attention (Huck et al., 2014; Klug, 2018;
Rogers et al., 2018), among primates (with the exception of
the callitrichines) alloparental care seems to be a little explored
dimension associated with sexual monogamy and pair-living.
Sibling participation in infant care is virtually absent in owl
monkeys, titi monkeys and siamangs (Lappan, 2008; Fernandez-
Duque et al., 2009), where it is the male and the female who
share parental duties. In the less strictly pair-living sakis (genus
Pithecia), we have seen some carrying of offspring by older
siblings and very rarely by an adult male (Di Fiore et al.,
unpublished data), and a study on an island population without
dispersal possibilities found some carrying by other adult and
sub-adult females in P. pithecia (Homburg, 1997). The variable
participation of adult and sub-adult non-breeders in offspring
care tentatively suggests that concession models of reproductive
skew or tolerance models (see section 5.3) may sometimes be
important for understanding the evolution of social and genetic
mating systems in group-living primates.
Finally, we have tentatively suggested in the section on
proposed terminology that, where possible, researchers should
seek to abandon categorizations of potentially continuous
variables. In many cases, however, it needs to be explored in more
detail how this could be best approached, because unthinking
use of measurable values might create new problems, and it has
been suggested (though there were problems with that study as
well similar to the ones discussed in the section 4.2) that using
continuous data can sometimes lead to a false perception of
continuity (Rubenstein et al., 2016).
7. CONCLUSIONS
Both in our work and when writing the sections above, our
premise has been that evolutionary biologists attempting to
understand the evolution of any aspect of an animal social
system are primarily interested in two main topics. First, under
the assumption that the behavioral traits that shape the social
system have a genetically inheritable component, researchers
are interested in understanding whether and how individual
variation in those traits is associated with differences in fitness.
Such consequences on fitness can be operationalized through
proxies like number of copulations or genetically assigned
paternity, but, unfortunately, we often lack empirical data on
the fitness consequences of variation between individuals in
behaviors associated with both pair-living, sexual and genetic
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monogamy, such as levels of mate guarding, intolerance of
same sex adults, or parental investment in offspring (but see
Shuster et al., 2019 for an exciting example of what is needed).
Second, as evidenced by the continued growth in the number of
comparative studies, researchers are interested in understanding
the evolutionary and phylogenetic history of animal social
systems as emergent phenomena. These analyses aim to shed
light on how, when, and why particular aspects of social systems
have arisen and on inferring the social systems of extinct
taxa. With respect to this second topic, we believe that at the
moment no robust conclusions can yet be drawn because of
the problems associated with comparative studies that we have
outlined in detail above. Similar analyses based on sounder
datasets with more clearly defined and comparable terms are
required. Our calls for caution notwithstanding, recent analyses
of the evolution of “monogamy” have provided tantalizing
possible explanations and opened up further questions. If Lukas
and Clutton-Brock (2013), for example, are right about a likely
solitary ancestral route to a monogamous mating system in
most mammalian taxa, then primatologists can look forward to
decades of research trying to understand why primates seem
to deviate from this pattern (van Schaik and Kappeler, 2003).
There is no a priori reason to expect a single explanation
for the evolution of pair-living, sexual or genetic monogamy
either across mammals or across primates, but understanding
how and why lineages differ in their evolutionary routes to
these traits will help shed additional light on the ecological,
social, and phylogenetic factors that influence social evolution.
In this context, it is also important to incorporate all of the
various elements that tend to be conflated in folk conceptions of
“monogamy” (i.e., pair-living, pair-bonding, sexual monogamy,
genetic monogamy, and infant care patterns) into the same
comparative analyses, because, while these are partly separate
phenomena, they can still clearly interact with and influence
one another.
We admit to a bit of frustration at realizing that our closing
recommendations for how to make progress in the comparative
study of both pair-living and sexual monogamy are neither new
nor theoretically ground-breaking, but rather a plea for returning
to the bedrock of scientific inquiry: for sound comparative
analysis, we need more high-quality natural history data on
a wider range of animal taxa. Our recommendations can be
summed up as follows: we must stop the deluge of lots of
data of doubtful quality; we must strive for high quality natural
history data; we must incorporate perspectives of all participants
in a social system, not only breeding males and females,
but also non-reproductive adult group members as well as
floaters living outside of established groups; and we must, when
reaching conclusions, distinguish between the actual data and
the statistical and evolutionary inferences (with their associated
uncertainties) made from them (Schradin, 2017). Comparative
studies have laudable goals, but their potential can only be
realized if suitable, comparable data are available to analyze. As
others have stated previously, comparative studies can be no
more reliable than the data on which they are based (Smith and
Jungers, 1997).
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